In vivo cultivated connective tissue is rich in lipids. That obtained from man and chicken has larger concentrations of neutral fat and cholesterol than connective tissue of other species. Connective tissue synthesizes cholesterol and possesses a striking avidity for retention of either endogenous or exogenous cholesterol. The fibrous portion of sponge-connective tissue of the rabbit incorporates cholesterol at a characteristic rate, indicating some inherent inter-relationship between the lipid and the scleroprotein. Marked reduction of a previously elevated serum cholesterol in the rabbit does not lower connective tissue cholesterol concentration. Connective tissue of the rabbit intima requires prolonged exposure to an elevated serum cholesterol before increased cholesterol incorporation occurs. I N VIVO cultivated connective tissue has lipid features which are different from other mammalian tissues. The total lipid, cholesterol, phospholipid, and neutral fat concentrations of the connective tissue of the rat and rabbit have been described. 1 Since connective tissue changes in the arterial wall are inherent in degenerative and atherosclerotic vascular diseases, the biochemical characteristics of this tissue are of importance. The sponge-connective tissue biopsy 2 permits sampling of large quantities of connective tissue for fundamental investigations. The studies reported here will include: (1) synthesis of cholesterol by connective tissue; (2) distribution of cholesterol between the saline-soluble and -insoluble fractions of connective tissue; (3) the response of connective tissue to an augmented cholesterol intake; and (4) a comparison of the sponge-connective tissue to aortic intima of the rabbit.
METHODS
Connective tissue was obtained for study by the sponge-biopsy technic from man, rat, rabbit, guinea pig and chicken and by stripping the intima of the rabbit aorta. Serial determinations of the lipids of connective tissue of the rabbit were made possible by the implantation of 10 sponges* along the dorsum with subsequent removal of single sponges. Methods for the preparation of the sponge-biopsy tissue for biochemical analyses and the procedures employed for the determination of total fatty acids, total and ester cholesterol, total and choline-containing phospholipid have been described in detail.
1 --The total lipid value used in table 1 and figure 1 is a sum of the concentrations of total phospholipid, total cholesterol, neutral fat and fatty acid of ester cholesterol.t Connective tissue of the rabbit aortic intima was prepared and analyzed in a similar fashion. Homogenizing connective tissue in physi-* Ivalon Surgical Sponge was supplied by ClayAdams Co., Inc., New York.
f Ester cholesterol fatty acid = 0.73 total cholesterol; phospholipid fatty acid = 0.65 total phospholipid; neutral fat fatty acid = total fatty acid-(phospholipid fatty acid + ester cholesterol fatty acid); neutral fat = 1.053 neutral fat fatty acid. Fro. 1. Effects of increased cholesterol intake (2 per cent diet) on lipids of connective tissue and of serum of the male rabbit. ologic saline yields a saline-soluble and a salineinsoluble fraction. The saline-soluble fraction contains the globular proteins and has the amino acid characteristics of ground substance; the salineinsoluble fraction contains the fibrous proteins, in particular, collagen. 3 Serum was divided at -5 C. into Colin precipitates I, II and III ("beta") and precipitates IV and V ("alpha"). 3 . 4 Total and ester cholesterol and total phospholipid were determined on each of the fractions.
In the cholesterol feeding experiments, rabbits were fed Purina laboratory chow supplemented with 2 per cent cholesterol for 45 or 52 clays and then unsupplemented Purina chow (0.01 per cent cholesterol) for the remainder of the experiment.
The synthesis of cholesterol by the biopsyconnective tissue from control rats was studied by a. modification of the technic described by Siperstein and co-workers. 6 Tissue slices weighing 500-750 mg. were placed in 5 ml. of Krebs-Ringer bicarbonate solution at pH 7.4 6 and 0.5 ml. of C u -carboxyl-labeled sodium acetate in physiologic saline (0.82 mg. sodium acetate or 2.22 X 10 7 counts/min.) was added. The flask was gassed with 95 per cent O 2 -5 per cent CO2 and incubated in this atmosphere for 11 hours at 37.5 C. with continuous agitation. Following saponification of the contents of the incubation flask, cholesterol was extracted with petroleum ether, precipitated as the digitonide and plated.
The digitonides isolated from the sponge-connective tissue and liver were counted at reliable per cent error* levels of 2.6 per cent and 0.52 per cent respectively. The radioactivity was corrected for self-absorption and calculated as counts/min./ Gm. of fresh tissue.
Subsequent experiments on the effect of time on the incorporation of radioactive acetate into the digitonin-precipitable fraction indicate that values obtained for 6-, 9-or 11-hour incubation periods are essentially the same.
RESULTS
A comparison of the lipid composition of connective tissue of man, rat, rabbit, guinea pig and chicken revealed several species differences. The data for the males of each species are presented in table 1. The total lipid of chicken connective tissue is extremely high (19 Gm. per cent) and 87 per cent of this value is neutral fat. The only essential difference between the connective tissues of the guinea pig, rabbit and rat is the greater concentration of neutral fat in the rabbit tissue. Total lipid is high in human tissue in comparison with the tissue of the guinea pig, rabbit and rat but is only one-fourth the value for the chicken. In * Reliable per cent error: The formula used for determination of the deviation from the "true" average counting rate which will not be exceeded 90 per cent of the time is % R.E. = 16J l /\/'N. all lipid aspects, other than in neutral fat concentration, the tissues of the chicken and man are similar.
Connective tissue synthesizes cholesterol at a measurable rate. Under the conditions of the radioisotope experiments, the mean and standard deviation of the counts/min./Gm. of the connective tissue-biopsy were 7.1.9 ± 369 while liver slices run simultaneously had a value of 126,814 ± 42,325.
The effects of an augmented cholesterol intake on the lipids of connective tissue and serum are seen in figure ] . The data were obtained from a single male rabbit in which 10 sponges were implanted and then serially removed. The lipid response in the connective tissue of this animal is representative of 4 other male rabbits studied in a similar fashion. In the same figure, values for serum lipids of the "alpha" and "beta" Cohn fractions are included in table form. All of the lipids of connective tissue and serum increased in concentration during the 45-day period of augmented cholesterol intake. The increase of serum phospholipids occurred in both the alpha and the beta Cohn fractions. Total cholesterol likewise was elevated in both serum fractions. However, the "beta" fraction concentration (578 mg. per cent) was greater than the "alpha" concentration (368 mg. per cent).
After the regular laboratory chow was restored, the tissue total lipid curve flattened, the phospholipids slowly returned toward the pretreatment values, while neutral fat continued to decrease. Tissue cholesterol behaved in a different manner in that its concentration progressively rose in 200 days to reach values of 4,000 mg./lOO Gm. of wet tissue weight. This rise occurred in spite of the sharply falling serum cholesterol.
Partitioning the tissue into saline-soluble and -insoluble fractions permitted the analysis of the change in cholesterol distribution with time. The logarithms of the concentrations of cholesterol of the serum and tissue fractions of a normally-fed control rabbit were plotted on the ordinate against time in days on the abscissa and the slopes and the rate constants of the curves calculated ( fig. 2 ). During the initial 3 weeks following sponge implantation in a control animal, a sharp rise in total cholesterol of the young tissue occurred as indicated by the slope 0.056 and rate constant 0.128/day. Following this initial period of tissue growth, there was a much slower increase in tissue total cholesterol (slope 0.003, rate constant 0.006/ day). Examination of the concentration-time curves for the saline-soluble and -insoluble fractions reveals that the early sharp rise in tissue total cholesterol occurred primarily in the saline-soluble fraction (slope 0.037 and rate constant 0.085/day) which then stabilized within 40 days. The cholesterol concentration of the saline-insoluble fraction also rose but more slowly (slope 0.016 and rate constant 0.037/day) and did not approach a steady slope until 120 days (slope 0.003, rate constant 0.007/day).
A similar mathematic treatment of the serum and tissue cholesterol data ( fig. 2 ) obtained from the rabbits on the diet augmented in cholesterol demonstrates that the slopes and the rate constants of the serum and the salinesoluble fraction of connective tissue are almost identical during the cholesterol-feeding period of 45 clays (slopes 0.038 and 0.033, and rate constants 0.087 and 0.075/day respectively). When the augmented cholesterol intake was discontinued and the animal returned to the regular laboratory chow, the concentration of cholesterol in the serum fell toward control or pretreatment levels. The log concentrationtime curve for this decrease in serum cholesterol has a slope of -0.033 and a rate constant of 0.077/day. If this type of curve persisted, the serum cholesterol would return to its control level at 90 days or 45 clays after cessation of cholesterol feeding. However, at 80 days, the curve for the serum cholesterol changes to a more gradual negative slope of 0.006 and a rate constant of 0.014/day.
The sharp break in the rise of the serum cholesterol concentration following the return to a regular laboratory diet affected the salinesoluble fraction of the sponge-connective tissue so that its cholesterol concentration stabilized and the log concentration-time curve assumed a slope of 0.0002 and a rate constant of 0.0005/ day.
The rate of increase in cholesterol concentration of the saline-insoluble fraction of connective tissue was also affected by the change in the serum cholesterol concentration. However, in contradistinction to the stabilization of cholesterol concentration of the saline-soluble fraction, the cholesterol concentration of the insoluble fraction continued to increase with time but at a slower rate (slope 0.004 and rate constant 0.009/day), which is essentially the same as the rate for this fraction of the tissue of the rabbit maintained on a normal diet.
To determine the relationship between the cholesterol concentrations of the connective tissues of the sponge-biopsy and aortic intima, the two tissues of the rabbit were analyzed and compared (table 2). The annuals maintained on a regular diet had similar concentrations of cholesterol in the saline-insoluble fractions of the two tissues, although there was a marked difference between the saline-soluble fractions of the two tissues. The saline-soluble fraction of the intimal connective tissue of the rabbit had a lower cholesterol concentration than the similar fraction of the sponge-biopsy connective tissue. After 52 days of an augmented cholesterol intake, the cholesterol concentration of the two fractions of the spongeconnective tissue had increased approximately tenfold while that in the intima remained unchanged. However, following an augmented cholesterol intake for a protracted period of time prior to sacrifice of the animal, there appeared to be a closer relationship between the concentrations of cholesterol of the biopsy and aortic connective tissue, e.g., female rabbit (table 2). This animal was given a diet augmented in cholesterol (2 per cent) for 45 days and then placed on a regular diet. During the next 7 months, serial sponge-tissue biopsies were taken to follow the tissue cholesterol concentration. A second group of sponges was then implanted and the animal was fed a 2 per cent cholesterol diet for 80 days prior to sacrifice. The aortic intima and an 80-day old sponge-biopsy tissue were then analyzed. The concentrations of cholesterol in the salineinsoluble fractions of the two tissues were of the same order while the values for the salinesoluble fractions were different. However, the order of increase in cholesterol concentration in the saline-soluble fractions of the two tissues following this augmented cholesterol intake was the same, i.e., a fourfold increase.
DISCUSSION
In a previous publication 1 the concentrations of lipids of connective tissue were compared with those of other mammalian tissues and it was noted that only the brain surpassed connective tissue in total lipid concentration. Of the connective tissue lipids studied, cholesterol was particularly noteworthy since the concentration of its ester was greater than in all other mammalian tissues including brain. Connective tissue lipids are located in the globular as well as the fibrous protein structures. 3 The lipid composition of connective tissue from the several species studied is different. Tissues obtained from chicken and man are more rich in lipid than are the tissues of the rat, rabbit and guinea pig. Connective tissue of the chicken has, however, an exceedingly high neutral fat concentration compared with man. The concentrations of cholesterol in the tissue of man and chicken are rather similar, and both tissues have three times the cholesterol concentration of the tissues of other species.
Connective tissue synthesizes cholesterol at a rate approximately .005 that of the liver when radioactivity is calculated on the basis of wet tissue weight. However, if the smaller concentration of total protein in the connective tissue-biopsy than in liver (9.82 per cent and 17.59 per cent respectively) and the large concentration of metabolically inert 7 collagen in the connective tissue-biopsy (35 per cent) are considered, the synthetic rate in the biopsytissue becomes .0155 that in the liver. The connective tissue-biopsy has a value of 11,249 counts/min./Gm. of noncollagenous protein while liver has a value of 741,862 counts/min./ Gm.
The values obtained for the sponge-connective tissue are within the range reported by Siperstein and co-workers for aortae of the rabbit and chicken. This suggests that the arterial tissue which synthesizes cholesterol is connective tissue.
A diet augmented in cholesterol affects the lipids of sponge-biopsy connective tissue to a marked degree. During the period of increased cholesterol intake, the serum lipid values rise rapidly and the sponge-tissue total lipid increases in a parallel fashion. The lipids of the serum beta fraction of Colin show a greater increase than the alpha fraction. The marked elevation of tissue cholesterol following an augmented cholesterol intake is the result of a slow rise of cholesterol concentration in the fibrous protein of connective tissue and of a more rapid increase in concentration of cholesterol in the globular proteins. Following reinstitution of the regular diet, as the serum lipids return to control or pre-treatment values, unusual changes occur in the lipids of connective tissue. Tissue total lipid remains constant, total phospholipid begins to decline slowly and tissue neutral fat is greatly reduced. Tissue cholesterol behaves in a singular fashion and continues to increase to phenomenal levels of concentration. This increase is entirely due to the rise in cholesterol of the fibrous protein ( fig. 2) while the cholesterol concentration of the globular protein remains stable.
A study of the log cholesterol-concentration time curves ( fig. 2 ) reveals interesting cholesterol properties of connective tissue. The avidity of connective tissue for cholesterol is exemplified by the parallel rise in cholesterol concentration in the serum and the salinesoluble fraction of the tissue during the period of the augmented cholesterol intake. A twentyfold reduction of serum cholesterol concentration which occurs when the animal is returned to a normal diet is reflected promptly in the cholesterol concentration of the saline-soluble fraction. The cholesterol concentration of this fraction stabilizes in response to the decrease in the serum cholesterol while that of the saline-insoluble fraction continues to rise. The terminal portions of curves plotted for the data from the control and the cholesterol-fed rabbits have essentially similar slopes and rate constants ( fig. 2 ). Thus, the absolute level of cholesterol concentration in the saline-soluble fraction, provided that it is stable, does not influence the rate of cholesterol incorporation in the saline-insoluble fraction.
Apparently young connective tissue, such as found in the sponge-biopsy, has a greater avidity for cholesterol of endogenous and/or exogenous origin than does older tissue obtained from the aortic intima. As noted in table 2, following an augmented cholesterol intake, an immediate change occurs in the sponge-connective tissue which does not occur in intimal tissue. In fact, there is no increase in cholesterol concentration in the latter following a prolonged exposure to high serum cholesterol (52 days). Repeated and prolonged exposure of the aortic intima to markedly elevated cholesterol does, however, result in an increase in the cholesterol concentration of the intima as noted in the cholesterol-fed female rabbit (table 2) . This behaviour suggests that older and perhaps more dense connective tissue resists changes in cholesterol concentration. It is also noted that the saline-soluble globular proteins of the sponge-tissue have a much higher concentration of cholesterol than the saline-soluble fraction of the aortic intima. This may be related to the lower concentration of protein in the saline-soluble fraction of the aorta. 3 
SUMMARY
There are species differences in the lipid composition of connective tissue. Tissues obtained from man and chicken are characterized by large concentrations of neutral fat and cholesterol.
Sponge-biopsy connective tissue of the rat synthesizes cholesterol at approximately .005 the rate of the rat liver.
Cholesterol is found in the globular as well as in the fibrous protein fraction of connective tissue.
A two hundredfold increase in dietary cholesterol for 45 days promotes in the male rabbit a prompt hypercholesterolemia, which affects sponge-biopsy connective tissue fractions at a different rate, i.e., the saline-soluble fraction parallels immediately the hypercholesterolemia while the saline-insoluble fraction responds more slowly. After reinstitution of the regular laboratory diet, a reduction in serum hypercholesterolemia to a normal range tends to stabilize but does not reverse the rising log concentration-time curve of the saline-soluble fraction. Of special interest is the failure of a twentyfold reduction in serum cholesterol to influence a continued rise in cholesterol concentration of the saline-insoluble fraction. The failure of either a sharply falling serum cholesterol or extraordinarily high concentrations of cholesterol in the salinesoluble and -insoluble fractions of connective tissue to influence the rate of cholesterol incorporation in the saline-insoluble fraction seems to indicate a fundamental cholesterol property of connective tissue. Intimal connective tissue responds more slowly to serum hypercholesterolemia than docs the spongeconnective tissue biopsy.
Saline-insoluble fractions of the connective tissue of the sponge-biopsy and of the intima of the control rabbit are similar in cholesterol concentration. However, the intimal tissue has a much lower concentration of cholesterol in the saline-soluble fraction.
SuMMAitro l.v INTEKLINGUA II ha differentias de specie in le composition lipidic de histos conjunctive. Histos obtenite ab humanos e gallinas es characterisate per alte concentrationes de grassia neutre e de cholesterol.
Histos conjunctive a biopsia de spongia ab rattos synthetisa cholesterol con un intensi-tate de circa 0,5 % de illo trovate in le caso del hepate del ratto.
Cholesterol se trova in le fractiones proteinic globular e fibrose del histos conjunctive.
Un duo centuple augmento del cholesterol dietari durante 45 dies promove in conilios mascule un prompte hypercholesterolemia que affice fractiones de histos conjunctive a de biopsia spongia in differente manieras, i.e., le fraction salino-solubile se comporta parallelmente al hypercholesterolemia durante que le fraction salino-nonsolubile responde plus lentemente. Post le re-institution del regular dieta laboratorial, un reduction del hypercholesterolemia serai tende a stabilisar se, sed isto non resulta in un reversion del ascendente curva logarithmic de concentration verso tempore pro le fraction salino-solubile. Un facto de interesse special es que un vintuple reduction del cholesterol serai non influentia le continue augmento del concentration de cholesterol in le fraction salino-nonsolubile. Le facto que ni un acute reduction de cholesterol serai ni extraordinarimente alte concentrationes de cholesterol in le fractiones salino-solubile e salino-nonsolubile de histos conjunctive influentia le incorporation de cholesterol in le fraction salinoinsolubile pare indicar un basic proprietate cholesterol ic de histos conjunctive. Histos conjunctive intimal responde plus lentemente a hypercholesterolemia serai que le histos conjunctive a biopsia de spongia.
Fractiones salino-insolubile del histos conjunctive a biopsia de spongia e del intima del conilios de controlo es simile in lor concentrationes de cholesterol. Tamen, histos intimal ha un multo plus basse concentration de cholesterol in le fraction salino-solubile.
